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Background and aims: Diverticulosis is a common disease of not completely defined pathogenesis. Motor
abnormalities of the intestinal wall have been frequently described but very little is known about their
mechanisms. We investigated in vitro the neural response of colonic longitudinal muscle strips from
patients undergoing surgery for complicated diverticular disease (diverticulitis).
Methods: The neural contractile response to electrical field stimulation of longitudinal muscle strips from the
colon of patients undergoing surgery for colonic cancer or diverticulitis was challenged by different
receptor agonists and antagonists.
Results: Contractions of colonic strips from healthy controls and diverticulitis specimens were abolished by
atropine. The b adrenergic agonist (2) isoprenaline and the tachykinin NK1 receptor antagonist
SR140333 had similar potency in reducing the electrical twitch response in controls and diseased tissues,
while the cannabinoid receptor agonist (+)WIN 55,212-2 was 100 times more potent in inhibiting
contractions in controls (IC50 42 nmol/l) than in diverticulitis strips. SR141716, a selective antagonist of
the cannabinoid CB1 receptor, had no intrinsic activity in control preparations but potentiated the neural
twitch in diseased tissues by up to 196% in a concentration dependent manner. SR141716 inhibited
(+)WIN 55,212-2 induced relaxation in control strips but had no efficacy on (+)WIN 55,212-2 responses
in strips from diverticular disease patients. Colonic levels of the endogenous ligand of cannabinoid and
vanilloid TRPV1 receptors anandamide were more than twice those of control tissues (54 v 27 pmol/g
tissue). The axonal conduction blocker tetrodotoxin had opposite effects in the two preparations,
completely inhibiting the contractions of control strips but potentiating those in diverticular preparations,
an effect selectively inhibited by SR140333.
Conclusions: Neural control of colon motility is profoundly altered in patients with diverticulitis. Their
raised levels of anandamide, apparent desensitisation of the presynaptic neural cannabinoid CB1

receptor, and the SR141716 induced intrinsic response, suggest that endocannabinoids may be involved
in the pathophysiology of complications of colonic diverticular disease.

C
olon diverticula are small out-pouchings from the
colonic lumen caused by mucosal herniations through
the wall. Diverticula are a frequent finding during

colonoscopy and in elderly people, and are more frequent in
Western countries (for reviews see Stollman and Raskin,1

Bassotti and colleagues,2 Kang and colleagues,3 Eastwood,4

and Colecchia and colleagues5). The aetiology and pathogen-
esis of diverticulosis are largely unknown but factors such as
a low fibre diet as well as age related or genetically
determined changes in collagen composition leading to
weakening of the colonic wall seem to play a substantial
role. Although most patients remain asymptomatic, with the
increase in the aged population diverticulosis may become a
clinical issue for a significant proportion (10–20%) who will
develop symptoms or inflammatory and/or vascular compli-
cations resulting in diverticulitis and haemorrhage.1 5

Diverticular disease is often associated with motor
abnormalities of the affected colonic segment2 6 but only
very few studies have dealt with the role of the endogenous
neurotransmitters and their receptors in the genesis and
maintenance of motility alterations.7–10 Endocannabinoids
and substance P are the most important neurotransmitters
modulating colonic motility in animals and humans, mainly
through an action on the cholinergic system.11–14 These
mediators are involved in important physiological functions

and/or pathological events in the intestinal wall, such as
water exchange and inflammatory reactions.15–19

The endocannabinoid system is involved in several
intestinal pathologies, including inflammation, paralytic
ileus, and cholera toxin toxicity.20–24 b-Adrenergic receptors
are also present on enteric neurones where they apparently
influence the release of neurotransmitters inducing muscular
contractions and affecting colonic propulsion and water
reabsorption.25–27

In order to investigate diverticulitis associated alterations
in colonic neurotransmitter functions, we compared the in
vitro contractile response to electrical field stimulation (EFS)
of longitudinal smooth muscle strips from the colon of
patients undergoing surgery for complicated diverticulosis
and healthy strips obtained from the colon of patients with
colon cancer. To assess the pharmacological reactivity of
apparently healthy and disease specimens, we tested atro-
pine, tetrodotoxin (TTX), the cannabinoid agonist (+)WIN

Abbreviations: AEA, anandamide or arachidonoyl-ethanolamide; 2-
AG, 2-arachidonyl-glycerol; CB1, cannabinoid receptor subtype 1; EFS,
electrical field stimulation; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; NK1, tachykinin receptor subtype 1; RT-PCR, reverse
transcription-polymerase chain reaction; TTX, tetrodotoxin; VR1 (also
known as TRPV1), vanilloid receptor subtype 1
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55,212-2,28 the selective cannabinoid CB1 receptor antagonist
SR141716,29 the b-adrenergic agonist (2) isoprenaline, and
the selective antagonist of the tachykinin NK1 receptor
SR140333.30

METHODS
The study was approved by the ethics committee of the ‘‘San
Raffaele Hospital’’, Milan, and patients gave their written
consent.

Patients and tissue preparation
Specimens of human transverse or distal colon were obtained
from patients undergoing surgery for non-obstructive colonic
cancer (eight males and six females; aged 55–65 years) or
from patients with diverticular disease operated on for
complications at the ‘‘San Raffaele Hospital’’ (seven males
and six females; aged 64–73 years). Of these patients, 10 had
chronic diverticulitis and underwent surgery for colic stenosis
being a subocclusive or occlusive condition with persistent
abdominal pain. Often these patients had developed perivis-
ceritis after several episodes of diverticulitis. One patient had
been operated on for persistent proctorrhagia due to
diverticular bleeding. Two patients with acute diverticulitis
had an emergency operation for diverticular perforation.
Segments for the in vitro study were taken from macro-
scopically normal regions of colon cancer patients or, in
patients with diverticulitis, from the apparently normal area
closest to the diverticulum. In diverticulitis affected patients,
nine segments were taken from the transverse and four from
the distal colon. Patients with colon cancer and diverticulitis
had the same standard anaesthesia and had not received
radiotherapy or chemotherapy and were not being treated
with steroids or opioids in the days preceding surgery.

Colon segments were collected in the operating theatre,
washed in saline, and immediately placed in a cold (4 C̊) pre-
aerated (95% O2, 5% CO2) Krebs solution, as previously
described,11 and transported to the Sanofi-Aventis labora-
tories within approximately 30 minutes. Mucosa and sub-
mucosa were gently removed; the muscular region was cut
along the longitudinal axis into strips approximately 3 mm
wide (approximate total length of each preparation 1.5 cm).
Smooth muscle strips were used immediately or stored
overnight (16–18 hours) in cold (4 C̊) pre-aerated Krebs
solution. Under these conditions, strips remained fully
sensitive to EFS and to the chemical agents under study.

Experimental conditions for the isolated organs
The muscle strips were mounted in a 20 ml organ bath
containing warm (37 C̊) aerated (95% O2, 5% CO2) Krebs
solution and stretched with 1 g. After washing, 20 mmol/l
choline and 10 mmol/l indomethacin were added to the
incubation medium, respectively, as a precursor of acetylcho-
line and to reduce spontaneous phasic contractions due to
prostaglandin release. Isotonic contractions were evoked by
EFS. Two platinum wire electrodes were placed on the top
and bottom of the organ bath and EFS was elicited by a
Power Lab stimulator (AD Instruments PTY Ltd, Castle Hill,
Australia) coupled to a multiplexing pulse booster (Ugo
Basile, Varese, Italy). Supramaximal stimulation (20 Hz;
2 ms pulse width; 10 second trains every two minutes;
150 mA) was set up to elicit maximal strip contractility then
mA was reduced to a submaximal level of stimulation (20%
reduction in maximal contractions); in order to better
investigate the contractile effect of SR141716 and TTX, EFS
was further reduced to 50% of its maximal stimulation in
human as well as in guinea pig tissues. Contraction
and relaxation were monitored by computer with a data
recording and analysis system (Power Lab) linked to isotonic

transducers (Ugo Basile, Varese, Italy) through preamplifiers
(Octel Bridge Amp).

After stabilisation (approximately two hours), test sub-
stances were added to the incubation bath. Incubation time
was one hour for SR141716, SR140333 and for the combina-
tion of b1 and b2 adrenergic antagonists ICI 118551 and CGP
20712, 30 minutes for atropine, and 15 minutes for TTX. For
cumulative agonist concentration-response curves, (+) WIN
55212-2 and (2) isoprenaline were left in contact for
approximately 15–20 minutes at each concentration. The
response to 1 mmol/l atropine (100% inhibition of EFS
induced contraction) was determined for each strip at the
end of the experiment and used as reference for calculating
the responses to the test substances. At least one preparation
for each specimen was used as control (tissue incubated with
the test substance vehicle only). To prevent oxidation,
(2)isoprenaline was dissolved in 0.1% ascorbic acid in
distilled water just before starting the experiments. All other
substances, if not otherwise specified, were dissolved in
distilled water.

Identification and quantification of anandamide (AEA)
and 2-arachidonylglycerol (2-AG)
Biopsy samples were weighed, immersed in liquid nitrogen,
and stored at 270 C̊ until extraction of endocannabinoids.
Tissues were extracted with chloroform/methanol (2:1, by
volume), each containing 100 pmol/l of d8-anandamide,
d4-palmitoylethanolamide, synthesised as described pre-
viously,31 and d5-2-AG (provided by Cayman Chemicals,
Ann Arbor, Michigan, USA). Lipid extracts were purified by
silica column chromatography, as described previously,31 and
fractions containing AEA, palmitoylethanolamide, and 2-AG
were analysed by isotope dilution liquid chromatography-
atmospheric pressure chemical ionisation-mass spectrometry
in the selected monitoring mode, as described in detail
elsewhere.32 Results were expressed as pmol or nmol/g of wet
tissue. Since during tissue extraction/purification both d5-
and native 2-AG are partly transformed into the 1(3)-
isomers, and only a limited amount of arachidonic acid is
present at the sn-1(3) position of (phospho)glycerides, the
amounts of 2-AG reported here are for the combined mono-
arachidonyl-glycerol peaks.

Semiquantitative reverse transcription-polymerase
chain reaction (RT-PCR)
Total RNA was extracted using Trizol reagent according to the
manufacturer’s directions (GibcoBRL, Carlsbad, California,
USA). After extraction, RNA was precipitated using ice cold
isopropanol and resuspended in diethyl pyrocarbonate
(Sigma, St Louis, Missouri, USA) treated water. The integrity
of RNA was verified after separation by electrophoresis on a
0.8% agarose gel containing ethidium bromide. RNA was
treated with RNAse-free DNAse I (Ambion DNA-free kit;
Ambion, Woodeard, Austin, Texas, USA) according to the
manufacturer’s instructions, to digest contaminating geno-
mic DNA. DNAse and divalent cations were removed.

We examined expression of mRNAs for GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) as the housekeeping
gene and CB1 by RT-PCR. Total RNA was reverse transcribed
using oligo dT primers. DNA amplifications were carried out
in PCR buffer (Q-Biogen, Woodeard, Austin, Texas, USA)
containing 3 ml cDNA, 25 mM dNTP, 50 mM MgCl2, 10 mM
of each primer, and 0.5 U Taq polymerase (Q-Biogen). The
thermal reaction profile consisted of a denaturation step at
94 C̊ for one minute, annealing at 60 C̊ for one minute, and
extension at 72 C̊ for one minute with a final 20 minute
extension at 72 C̊.

Thirty five PCR cycles were optimal, in the linear portion of
the amplification curve. The reaction was run in a PE
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Gene Amp PCR System 9600 (Perkin Elmer, Wellesley,
Massachusetts, USA). PCR products were electrophoresed
on 2% agarose gel containing ethidium bromide for UV
visualisation.

Specific oligonucleotides were synthesised on the basis of
cloned cDNA sequences of GAPDH and CB1 common to the
rat and mouse. For GAPDH, the primer sequences were 59-
CCC TTC ATT GAC CTC AAC TAC ATG GT-39 (nt 208–233;
sense) and 59-GAG GGC CAT CCA CAG TCT TCT G-39 (nt
655–677; antisense, accession No AH007340). The CB1 sense
and antisense primers were 59-GAT GTC TTT GGG AAG ATG
AAC AAG C-39 (nt 1095–1119) and 59-AGA CGT GTC TGT
GGA CAC AGA CAT GG-39 (nt 1380–1405). The expected
sizes of the amplicons were 470 bp for GAPDH and 309 bp for
CB1. We used expression of the housekeeping gene GAPDH
as internal standard. No PCR products were detected when
the reverse transcriptase step was omitted.

Calculations and statistical analysis
The agonist concentration producing 50% maximal effect
(IC50) was calculated using a four parameter logistic model
according to Ratkowsky and Reedy,33 with adjustment by
non-linear regression using the Levenberg-Marquard algo-
rithm in RS/1 software. Differences between means and IC50

values were determined by analysis of variance (ANOVA)
followed by Bonferroni’s test. Values of p,0.05 were
considered statistically significant. All data points or bars
on graphics represent means (SEM).

The pA2 for antagonists, as defined by Arunlakshana and
Schild,34 was obtained from linear regression of the mean of
the log (DR-1) against the negative log of the antagonist
concentration. The negative logarithm of the dissociation
constant (pKB) was calculated using the Cheng-Prusoff
equation.35 Computer analysis was carried out as described
by Tallarida and Murray.36

Chemicals
SR141716 (rimonabant), 5-(4-chlorophenyl)-4-methyl-N-
(1-piperidinyl)-1H-pyrazole-3-carboxa-mide and SR140333,
1-(2-(3-(3,4-dichlorophenyl)-1-[(3-isopropoxyphenyl)acetyl]-
piperidin-3-yl}ethyl)-4-phenyl-1-azoniabicyclo222-octane
hydrochloride, were synthesised at Sanofi-Aventis Research
(Montpellier, France). The following chemicals were pur-
chased from Sigma-Aldrich Corp. (St Louis, Missouri, USA):
TTX, indomethacin, atropine sulphate, (+)WIN 55,212-2, (2)
isoprenaline, ICI 118551, and CGP 20712. AEA, 2-AG, and
palmitoylethanolamide were purchased from Tocris
(Northpoint, UK)

RESULTS
EFS of colonic strips from longitudinal muscle (intertaenial
segments) evoked similar twitch-like regular contractions in
tissues from both controls (healthy specimens from the colon

(–)Isoprenaline
(–)Isoprenaline+1 µmol/l (ICI118551+CGP20712)

(–)Isoprenaline+1 µmol/l (ICI118551+CGP20712)
(–)Isoprenaline
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Figure 1 Inhibition by cumulative concentrations of (2)isoprenaline of
electrical field stimulation induced contractions of longitudinal colonic
muscle strips from controls (filled symbols) and patients with diverticulitis
(open symbols). The inhibitory response was recorded in the same strip
with or without selective b1 and b2 adrenergic antagonists (CGP20712 +
ICI118551). Antagonists were added to the bath one hour before
(2)isoprenaline challenge. Results are means (SEM) of 5–12
preparations from different patients. The response is expressed as a
percentage of the maximal effect induced by 1 mmol/l atropine.
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Figure 2 Inhibition by the tachykinin NK1 receptor antagonist
SR140333 of electrical field stimulation induced contractions of
longitudinal colonic muscle strips from diverticulitis and control patients.
Results are mean (SEM) of 3–5 preparations from different patients. The
response is expressed as a percentage of the maximal effect induced by
1 mmol/l atropine.
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Figure 3 Inhibition by the cannabinoid agonist (+)WIN 55212-2 of
electrical field stimulation induced contractions of longitudinal colonic
muscle strips from diverticulitis and control patients. Results are mean
(SEM) of 3–5 preparations from different patients. The response is
expressed as a percentage of the maximal effect induced by 1 mmol/l
atropine.
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of cancer patients) and patients with diverticular disease.
However, approximately 30% of diverticular colonic strips
had to be discarded because they were completely unrespon-
sive; the remaining 70% generally required more time for
twitch stabilisation but their contractile response (after
stabilisation) was similar to controls.

The evoked contractions in both control and diverticular
preparations were virtually abolished (95–98%) by addition
of 1 mmol/l atropine.

The actions of the various receptor agonists and antago-
nists expected to inhibit intestinal smooth muscle neural
contractions were compared in colonic strips from controls
and diverticulitis patients (figs 1–5).

The b-adrenergic agonist (2)isoprenaline had comparable
potency and efficacy in reducing the twitches in colonic strips
from controls and diverticulitis patients: IC50 (95% con-
fidence limits) were 25 nmol/l (19–48) and 63 nmol/l (45–
81), respectively. Combined addition of the b1 and b2 receptor
selective antagonists CGP 20712 and ICI 118551 produced a
similar parallel shift to the right of the log concentration-
response curve to (2)isoprenaline in control and diverticular
preparations: IC50 1.5 (0.9–4.5) mmol/l and 3.9 (1.0–
7.9) mmol/L, respectively (fig 1). Similarly, the selective NK1

receptor antagonist SR140333 inhibited electrically evoked
contractions with equal potency in control and diverticular
preparations in a concentration dependent manner: IC50

0.3 mmol/l (0.1–4) and 0.2 mmol/l (0.4–5.2), respectively
(fig 2). In the absence of EFS stimulation, a submaximal
concentration of carbachol (0.1 mmol/l) contracted the
healthy and diseased preparations with a similar effect (data
not shown).

To assess the involvement of the cannabinoid system in
colonic contraction, we compared the effects of the canna-
binoid agonist (+)WIN 55,212-2 and the selective CB1
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Figure 4 Logarithm concentration-response curves of (+)WIN 55212-2 in the absence or presence of increasing concentrations of SR141716 on
electrical field stimulation induced contractions of longitudinal colonic muscle strips from controls (A) and patients with diverticulitis (B). The small panel
in (A) shows the Schild plot from the curves for control colons. Results are mean (SEM) of 5–8 preparations from different patients. The response is
expressed as a percentage of the maximal effect induced by 1 mmol/l atropine.

Figure 5 Representative tracings of the intrinsic effect of the
cannabinoid antagonist SR141716 on electrical field stimulation induced
contractions of longitudinal colonic muscle strips from controls (A) and
patients with diverticulitis (B).
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Figure 6 Anandamide (AEA), 2-arachydonoylglycerol (2-AG), and
palmitoylethanolamide levels in the colon wall of diverticulitis patients
and controls patients. Results are shown as the means (SEM) of 6–10
separate measurements. *p,0.05 by ANOVA followed by Bonferroni’s
test.
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receptor antagonist SR141716 in control and diverticular
colon strips. The non-selective cannabinoid receptor agonist
(+)WIN 55,212-2 was approximately 100 times more potent
in inhibiting contractions in the colon from controls than

diverticular disease patients: IC50 42 (38–94) nmol/l and
6300 nmol/l (4100–22000), respectively (p,0.01) (fig 3).

Figure 4 shows SR141716 antagonism of the response to
(+)WIN 55,212-2. In control colon strips, the curve repre-
senting relaxation induced by cumulative concentrations of
(+)WIN 55,212-2 was shifted to the right by increasing
concentrations of SR141716 (fig 4A). Inhibition of (+)WIN
55,212-2 by SR141716 appears to be competitive at the CB1

receptors, as shown by the Schild plot reported in the small
panel of fig 4A: the slope was not significantly different from
1 and pA2 was 8.1 (0.2), corresponding to the affinity of
SR141716 for the CB1 receptor. Unlike control colon strips, in
those from patients with diverticular disease inhibition of
contractions induced by high concentrations of (+)WIN
55,212-2 was not antagonised by SR141716, even at
1 mmol/l (fig 4B).

The intrinsic activity of the cannabinoid CB1 receptor
antagonist SR141716 was also studied in control and
diverticular colon strips (fig 5A, B). SR141716 (0.1–1 mmol/
l) had no effect in controls but markedly increased twitch
contractions in diverticular colon (42% and 196%).

The two endocannabinoids, AEA and 2-AG, were identified
and quantified in colon segments from control and divertic-
ulitis patients by high pressure liquid chromatography
coupled to an isotope dilution gas chromatography-mass
spectrometry method. Tissue levels (fig 6) of AEA, an
endogenous ligand of cannabinoid and vanilloid TRPV1
receptors, were twice (54.5 (12.0) and 27.0 (4.0) pmol/g
tissue; p,0.05) those in control colon whereas 2-AG levels
were slightly lower in diverticulitis than in control segments
(4.0 (0.5) v 6.1 (0.9) nmol/g tissue; p,0.05). No change was
observed in the AEA congener palmitoylethanolamide.

Expression levels of cannabinoid CB1 receptors, measured
by RT-PCR, were similar in diverticular and control colonic
segments (fig 7).

Figure 8 compares the action of the Na+ channel blocker
TTX at 1 mmol/l on electrically evoked contractions in normal
and diverticular colon strips. TTX had opposite actions in the
two preparations, almost completely inhibiting contractions
of normal colonic strips but increasing the generally lower
EFS evoked contractions in diverticular colon up to a level
comparable to, or even higher (198%) than, controls. This
increase in contractility induced by TTX in diverticular
segments was not amplified by SR141716 1 mmol/l and was

Figure 7 Reverse transcription-polymerase chain reaction (RT-PCR)
expression of cannabinoid CB1 receptors in healthy control or
diverticulitis longitudinal colon tissues. (A) Representative agarose gel of
amplicons from RT-PCR of RNAs from healthy (lanes 1–4) and
diverticulitis (lanes 5–7) colon tissues. (B) Densitometric scanning of the
bands shown in (A), background subtracted and normalised to the
corresponding bands of the housekeeping gene (GAPDH,
glyceraldehyde-3-phosphate dehydrogenase).

Figure 8 Representative effect of tetrodotoxin (TTX) on electrical field
stimulation induced contractions of colonic longitudinal muscle strips
from a control (A) and a patient with diverticulitis (B). TTX was added to
the bath at a concentration of 1 mmol/l.

0

20

40

60

80

100

120

140

%
 T

TX
 m

ax
 r

es
po

ns
e

Contr
ol

SR
141716 10

–6 mol/l

Atro
pine

 10
–6 mol/l

(+
)W

IN
55,212-2 10

–5 mol/l

SR
140333 10

–6 mol/l

SR
140333 10

–5 mol/l

*
*

*
*

Figure 9 Effects of atropine, (+)WIN 55212-2, and SR140333 on
potentiation of electrical field stimulation induced contractions of
longitudinal muscle by 1026 M tetrodotoxin (TTX) on the colon from
patients with diverticulitis. Columns represent the means (SEM) of 5–8
patients. **p,0.01 versus control (ANOVA followed by Bonferroni’s
test).

950 Guagnini, Valenti, Mukenge, et al

www.gutjnl.com



not antagonised by 1 mmol/l atropine or 10 mmol/l (+)WIN
55,212-2, but was inhibited by the tachykinin NK1 receptor
antagonist SR140333 in a concentration dependent manner
(fig 9).

DISCUSSION
Motor abnormalities of the intestinal wall in patients with
diverticular disease have been frequently described but very
little is known about their mechanisms or their role in
disease progression.6–10 In our study, we compared the in vitro
contractile response to EFS of longitudinal smooth muscle
strips from colonic segments close to diverticula and
anatomically healthy segments from patients with non-
obstructive colon cancer (controls). Selection of longitudinal
muscle was based on previous evidence of lower responsive-
ness of circular compared with longitudinal muscle to EFS
and cannabinoids.12 Diverticular strips were generally less
responsive and took longer to stabilise; however, after
stabilisation, colon strips from control and diverticular
disease patients responded with similar neural twitch-like
contractions to electrical stimulation. These evoked contrac-
tions were virtually abolished by atropine, confirming our
previous results in the healthy human colon demonstrating
the neuronal cholinergic nature of these contractions.12 It is
noteworthy that Golder et al showed evidence of cholinergic
denervation and hypersensitivity to exogenous acetylcholine
in circular but not longitudinal colonic smooth muscle
preparations from patients with diverticular disease.37

Consistently in this study, our smooth muscle longitudinal
colonic preparations from healthy and diverticular disease
patients responded in the same way to carbachol, isoprena-
line, and the tachykinin NK1 receptor antagonist SR141333
as well as to EFS. The main unexpected result of the present
study was the striking difference between healthy control
and diverticular colon strips in response to compounds acting
on neural conduction (TTX effect) and cannabinoid CB1

receptors. In the healthy colon, the cannabinoid agonist
(+)WIN 55,212-2 inhibited electrically evoked contractions
and this effect was competitively antagonised by SR141716
with a pA2 of 8.1, a value corresponding to its affinity for the
CB1 receptor29 and already reported for other in vitro
intestinal preparations.38 In healthy colon strips, SR141716
had no intrinsic effects, being unable to potentiate or inhibit
electrical twitches. Similar results have already been obtained
for circular and longitudinal muscles from human healthy
colon segments.12 Unlike the healthy colon strips, those from
diverticular disease patients were markedly less sensitive to
the inhibitory action of (+)WIN 55,212-2. (+)WIN 55,212-2
inhibited electrically evoked contractions only at high
concentrations by a CB1 independent mechanism (absence
of inhibition by SR141716). In these strips, in contrast with
controls, SR141716 had marked intrinsic action (up to 196%).
It increased twitch contractions at the same concentrations
that blocked cannabinoid CB1 receptors, suggesting that
diverticular strips were tolerant to the inhibitory action of
endogenous cannabinoids. It is noteworthy that in a previous
study we showed that long term preincubation of human
intestinal preparations with 10 mmol/l of (+)WIN 55,212-2
completely abolished the inhibitory effect of (+) WIN 55,212-
2 on EFS contractions. In these tolerant preparations,
preincubated with (+)WIN 55,212-2, twitch responses were
markedly enhanced by 1 mmol/l SR141716.39 40 Moreover,
although (+)WIN 55,212-2 is a non-selective cannabinoid
CB1/CB2 agonist, involvement of CB2 receptors in the relaxing
action of (+)WIN 55,212-2 appears unlikely as CB2 receptors
are mainly located on immunomodulatory and mucosal cells
and do not appear to modulate contractions by acting either
on neurones or smooth muscle.12 27

These marked differences in responses to the exogenous
cannabinoid agonist (+)WIN 55,212-2 and the CB1 receptor
antagonist SR141716 could be explained by a profound
functional alteration of the endogenous cannabinoid system
in the wall of colonic segments close to diverticula. A possible
interpretation is that in diverticular, but not the healthy
colon, there is a strong tonic inhibitory drive sustained by
endocannabinoids which reduce the release of contracting
neurotransmitters from enteric nerve terminals, through an
action at the presynaptic cannabinoid CB1 receptors.

The reason for this substantial activation of the endogen-
ous cannabinoid system is not known. During acute and
chronic intestinal inflammation, endogenous cannabinoids
may be released with inflammatory mediators, and the
cannabinoid CB1 receptors overactivated.20 22–24 Chronic
inflammation of the colon is often associated with divertic-
ular disease.1 5 In fact, the patients in our study undergoing
surgery for complications of diverticular disease showed high
serum values for C reactive protein before surgery (from 4 to
10-fold normal values) and lymphocyte infiltration in most
mucosal samples (data not reported), attesting to the
presence of an active inflammatory status. Although it is
not yet clear whether hyperactivity of the endocannabinoid
system counteracts inflammation or is involved in its
persistence,24 it would appear that motility is inhibited by
endogenously released cannabinoids.11 20 24

It may be argued that the difference in the effects of the
cannabinoid system on electrically induced contractions
depends on a non-specific generalised neuronal response or
muscle contractility impairment in colon segments with
diverticula. However, this is unlikely as the inhibitory
responses to the tachykinin NK1 receptor antagonist
SR140333 or the b-adrenergic agonist (2)isoprenaline, either
with or without b1 and b2 receptor antagonists, were not
modified and were similar in control and diverticular colon
strips.

When we measured tissue levels of the two most widely
studied endocannabinoids AEA and 2-AG, we found that
even with wide individual variability, levels of AEA were at
least twice as high in diverticular than in normal colons,
while 2-AG was reduced by 34% in the former tissue. On the
other hand, no change was observed in the AEA congener
palmitoylethanolamide, which has non-cannabinoid receptor
mediated inhibitory activity on small intestine motility.41

Although the relative importance of the different endo-
cannabinoids in colon motility is unknown, it has been
suggested that AEA, in spite of its much lower tissue levels, is
more important than 2-AG because of its higher affinity for
the CB1 receptors and the specific system of cellular uptake
and enzymatic metabolism that regulates its concentration at
the site of action.20–22 42 Levels of endogenous 2-AG in control
colons are theoretically high enough to fully stimulate
cannabinoid CB1 receptors tonically. As expression of
cannabinoid CB1 receptors is similar in diverticulitis and
control healthy colon, endogenous 2-AG apparently does not
exert any role in the inhibition of EFS responses. Indeed, we
did not observe an enhanced response in the presence of the
cannabinoid CB1 antagonist SR141716. We therefore suggest
that continuous increased release of AEA or reduction in its
breakdown during chronic intestinal inflammation in the
diverticular colon leads to sustained activation of CB1

receptors on enteric cholinergic and substance P nerve
terminals, inhibiting the release of these mediators. Both
the lack of CB1 mediated response to the exogenous CB1

agonist (+)WIN 55,212-2 and potentiation of contraction by
the CB1 antagonist SR141716 are consistent with the
hypothesis that in diverticular colon cannabinoid CB1

receptors are already fully activated by endogenously released
cannabinoids and probably tolerant to the agonist action.
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A difference in the functional regulation of longitudinal
muscle contractility in diverticular and control colon is also
suggested by the effect of TTX, a blocker of Na+ channels and
axonal conduction. Like atropine, TTX completely abolished
the effects of EFS in healthy tissues, indicating the neuronal
nature of this response and confirming our previous results.12

In contrast with the healthy colon, in colon strips with
diverticulitis we observed an unexpected sustained potentia-
tion of contractions after addition of TTX. These TTX
potentiated contractions were not affected by SR141716,
atropine, or (+)WIN 55,212-2, but were inhibited by the
tachykinin NK1 receptor antagonist SR140333 in a concen-
tration dependent manner. Although electrically induced
release of substance P from non-neuronal sources is
theoretically possible, a more likely explanation of this
intriguing response entails the presence in the diverticular
colon of neuronal terminals actively releasing substance P
and insensitive to the action of TTX. A TTX resistant
component in the electrically evoked contraction of colon
strips from diverticular disease patients was also described by
Maselli et al although these authors could not demonstrate
the potentiation of response observed in our study.7 The
measure of isometric instead of isotonic contractions and the
use, in their study, of different strips (circular instead of
longitudinal) may possibly account for the different response.
In any case it is relevant that some extrinsic and intrinsic
primary afferent neurones regulating intestinal reflexes that
control motility, blood flow, and fluid movements express a
particular subtype of Na+ channel resistant to the blocking
action of TTX.43–46 The function of these afferent neurones,
like that of nociceptive terminals for pain transmission, is
increased in inflamed tissues.43 44 On stimulation, they may
release substance P which can act as a local transmitter,43 47

contracting smooth muscles by an action both on tachykinin
NK1 and NK2 receptors.48 49 In the diverticular colon, TTX, by
blocking transmission of neurones releasing inhibitory
transmitters, including endocannabinoids, might unmask
the action of a TTX resistant neuronal network inducing
muscle contraction through substance P release. Another
possibility is that when cannabinoid releasing neurones are
blocked, the already high AEA levels act directly on the
vanilloid VR1 receptor whose stimulation causes substance P
release in a TTX insensitive manner. Indeed, AEA activated
VR1 receptors are presumably a causative factor in toxin A
induced small intestine inflammation50 and might also be
involved in inflammatory conditions of the human colon.51

Finally, it may be argued that a direct non-neuronal
stimulation of diverticular smooth muscle strips by EFS
could account for the increased twitch contractions after TTX.
However, this hypothesis is not supported by the study of
Snape and colleagues52 who found similar in vitro sensitivity

of colonic smooth muscles from diverticular and cancer
patients to different contractile stimuli, including electrical,
as well as to the very low degree EFS used in the present
study.

Taken together, the results of this study indicate that the
diverticulitis affected colon has a profound alteration in its
neuronal control of motility, with substantial involvement of
the endocannabinoid system. As shown in fig 10, in
diverticular colon, unlike the healthy one, nerve terminals
releasing the muscle contracting transmitters acetylcholine
and substance P are under the strong inhibitory control of the
endocannabinoid AEA, released by a network of functionally
activated neurones. In the diseased tissue, this could explain
the generally lower contractility in response to EFS, the
increased tissue levels of AEA and, most importantly, the
potentiating action of SR141716, which promptly relieves the
tonic inhibitory control of the endocannabinoids on the
presynaptic CB1 receptors located on acetylcholine and/or
substance P terminals. When TTX is added to healthy colon
strips it almost completely abolishes EFS evoked contractions
by blocking the largely dominant cholinergic tone. However,
in diverticular colon, where it again blocks neuronal
transmission of cholinergic terminals, it also unmasks the
action of TTX resistant nerve terminals which directly
contract the smooth musculature by releasing substance P.
These substance P releasing neurones are functionally more
active in inflamed than healthy tissue, and are very likely to
express VR1A receptors whose activation by AEA leads to
substance P release.

Our experimental approach has the inherent limitations of
any in vitro system. For instance, neural contractions of colon
smooth muscles are artificially induced by EFS and we
measured only contractions of longitudinal muscle. The
absence in vitro of any blood supply to the tissue may have
a considerable influence on both the release and removal of
transmitters from the site of action. In view of these
limitations, much care is needed in extrapolating these
results to the clinical setting. Further studies are essential to
see how these in vitro findings relate to altered patterns of
colon motility in patients with diverticular disease.

However, we have shown for the first time that there is
altered neuronal control of motility involving the endocan-
nabinoid system in diverticulitis and suggest that a similar
dysfunction could also occur in other intestinal disorders
with a common inflammatory basis such as some subtypes of
irritable bowel disease or even ulcerative colitis and Crohn’s
disease. It is noteworthy that SR141716 has been reported to
display a potent anti-inflammatory activity involving inhibi-
tion of tumour necrosis factor a production.53 Agents acting
on the endocannabinoid system could eventually find
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therapeutic application in colonic inflammatory and motility
disorders.
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